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SYNTHESIS AND OPTICAL PROPERTIES OF A NEW CLASS OF
POLYAMIDES CONTAINING REACTIVE DIACETYLENE GROUPS

H.W. Beckham and M. F. Rubner*

Department of Materials Science and Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139

Abstract

New polyamides containing reactive diacetylene groups in their repeat structures were synthesized
from a diacetylene diacid chloride and two different diamines using interfacial polymerization
techniques. Thermnal analysis and 13¢c NMR spectroscopy were used to estimate tne extent of
conversion of the diacetylene groups to polydiacetylene network chains upon exposure to electron
beam radiation in the solid state. The diacetylene groups contained in a polyamide based on an
aliphatic diamine were found to be more reactable than those incorporated in a polyamide based on
an aromatic diamine. The cross-polymerized polyamide-diacetylenes were found to exhibit
reversible thermochromic behavior during temperature cycling which occurs with complete
retention of hydrogen bonds and without any hysteresis effects. The thermochromic reversibility
of these materials was attributed to the strongly hydrogen bonded chain segments pendent to the

newly formed polydiacetylene chains.
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SYNTHESIS AND OPTICAL PROPERTIES OF A NEW CLASS OF
POLYAMIDES CONTAINING REACTIVE DIACETYLENE GROUPS

H.W. Beckham and M. F. Rubner*

Department of Materials Science and Engineering, Massachusetts Institute of Technology,
Cambridge, MA 02139

I. INTRODUCTION

This paper describes the preparation and properties of several new polyamides that contain the
reactive diacetylene group as part of their repeat structure. The goal of this research is to identify
new types of chemistry that can be utilized to modify and enhance selecied properties of fiber
forming polymers after they have been processed into highly anisotropic forms. In order to
accomplish this goal, it is necessary to introduce reactive groups into the polymer chain that remain
dormant during processing but that can also be readily activated in the solid state to produce the
desired changes in properties. We are currently focussing on the chemistry of the diacetylene
group which, as indicated below, provides a novel way to dramatically modify the mechanical and

optical properties of the host polymer system.

The solid state polymerization of diacetylene monomers, R-C=C-C=C-R, has been well
documented in the literature.! A unique feature of this polymerization is that it often proceeds as a
homogeneous single phase process taking place without destruction of the crystalline order of the

original monomer lattice. The resultant fully extended polydiacetylene chains,

[-(R)C=C(R)-C=C-],, exhibit many novel linear? and nonlinear> optical properties all of which are

a direct consequence of the one-dimensional nature of the polydiacetylene conjugated backbone and




its high.y delocalized electronic states. This chemistry can be initiated using actinic radiation,
ionizing radiation or, in some cases, simple thermal treatment making it ideal for post-processing

modification schemes.

As has been previously demonstrated4'10, the reactive diacetylene group can be readily

incorporated into many different polymeric structures, [-C=C-C=C-R-], making it possible to

synthesize a wide variety of fiber and film forming polymers with tunable mechanical and optical
properties. The controlled solid state cross-polymerization of polymers containing diacetylene
groups is therefore an extremely attractive method for the systematic post-synthesis modification of
the mechanical and optical properties of polymeric materials. This chemistry provides a novel way
to introduce well defined, non-random crosslinks into a polymeric material often times without
disruption of the packing and order of the polymer chains. In addition, since the resultant
crosslinks are actually conjugated polydiacetylene chains, the material develops all of the novel
optical properties characteristic of the polydiacetylenes such as thermochromism, 22
mechanochromism,” and nonlinear optical behavior. Thus, it is possible to dramatically modify
the mechanical properties of the material and, at the same time, introduce conjugated segments that
can be exploited for their unusual linear and nonlinear optical properties. Since the polymerization
generally proceeds as a diffusionless, lattice controlled process, it is possible to selectively modify
the cohesiveness and thermal stability of the polymer chains without drastically changing their
packing or molecular organization. This means that it is possible to obtain highly anisotropic

structures when oriented extended chain polymers are used as the host polymer.

Clearly, the true utility of this chemistry can only be realized when the diacetylene grrups have
been properly enginzered into the molecular structure of the polymer. Simply placing diacetylene

groups into polymer chains without consideration of the consequence of the structural changes




introduced upon their polymerization could easily produce highly crosslinked, excessively brittle
materials with vastly compromised mechanical properties. In addition, if the molecular
environment of the diacetylene group is too rigid, then cross-polymerization of the diacetylene
groups could be completely prevented again limiting the usefulness of this approach. Thus, it is
essential that the molecular structure, and ultimately the molecular organization, of the polymer
chains be engineered so as to produce materials that benefit from this novel chemistry. In fact, only
very recently with our work on diacetylene containing segmented copolyme:rs11 has it been
demonstrated that this chemistry, when properly engineered into a macromolecule, can be utilized
to significantly enhance the mechanical properties of polymers. For example, it was found that the
ultimate tensile strength of select members of this family of reactive polyurethanes could be
essentially doubled by the solid state polymerization of diacetylene groups contained within the

phase separated hard domains of these two phase copolymers.

In the case of the polyamides, we are svstematically varying the nature of the polymer chain from
flexible to semi-flexible to rigid by controlling the length of the spacer group separating the
diacetylene funcuonality from the amide linkage and the type of diamine (aromatic or aliphan'c) used
to synthesize the polymer. Each of these different polymers will provide information about
diacetylene reactivity, processing characteristics, and the influence of the diacetylene
cross-polymerization on the mechanical and optical properties of these new materials. In this
paper, we present a comparison of the optical properties of two types of diacetylene containing
polvamides with flexible spacer groups of similar length prepared with either an aliphatic diamine
or with an aromatic diamine. Techniques that can be utilized to estimate the extent of diacetylene

polvmerization as a function of radiation dosage are also presented.




II. EXPERIMENTAL SECTION

A. Synthesis of Polyamide-Diacetylenes. 1. Materials. 1,6-hexanediamine

(Polysciences) was vacuum distilled at 40 °C (50 pm) and stored under dry nitrogen.
1,4-phenyvienediamine (Aldrich) was recrystallized from warm chloroform and sublimed at 130 °C.
Thionyl chloride (Fluka) was distilled at 75 °C immediately prior to use. Chloroform and carbon
tetrachloride were washed with water, dried over calcium chloride, and finally distilled over
phosphorous pentoxide under dry nitrogen. Water used was purified with a Millipore reverse
osmosis system coupled with a Millipore Milli-Q purification system.
10,12-Docosadiyn-1,22-dioic acid (8,8-diacid) was synthesized by oxidative coupling of
10-undecynoic acid (Farchan Laboratories) according to the procedure of Hay.12 The sodium salt
of 10-undecynoic acid in water was slowly added to the catalyst mixture of copper(I) chloride
(Aldrich) and N,N,N',N'-tetramethyl-ethylenediamine (Aldrich) stirred in a solvent mixture of
water and tetrahydrofuran (2:1) into which oxygen was bubbled for 12 h. The 8,8-diacid was
recrystallized from methanol at 0 °C and vacuum dried for 8 h prior to use giving a white solid with

mp 112-114 °C. Refluxing in thionyl chloride for S h followed by removal of the excess reagent

under high vacuum for 4 h afforded the 8,8-diacid chloride which was used immediately.

2. Polymerization. The diacetylene containing polyamides were prepared by a low
temperature interfacial polycondensation method common for condensation polymers such as
nylon.13 The 8,8-diacid chloride was reacted with 1,6-hexanediamine to form a completely
aliphatic polyamide-diacetylene (PADA 6,22), and with 1,4-phenylenediamine to forn a partly

aromatic polyamide-diacetylene (PADA PPD,22).

a. PADA 6,22 was synthesized as follows: a three-neck round-bottom flask containing the vacuum




dried 2.77 mmole (made from 1.0 g 8,8-diacid) 8,8-diacid chloride was rinsed with 23.5 mL of
dryv chloroform into a 200-mL beaker giving a 0.118 M solution. In a separate bcaker 0.2216 ¢
(5.54 mmole) sodium hydroxide and 0.3213 g (2.77 mmole) 1,6-hexanediamine was dissolved in
14 mL water giving a solution concentration of 0.2 M diamine. This aqueous solution was carefully
poured over the organic phase and the resulting polymer film formed at the interface (area = 3 in?)
was removed from the center at a constant speed as a coherent fiber by a home-made wind-up
device. After thorough washing with water and then acetone, the dried polymer weighed 0.337 g

(34%).

b. PADA PPD,22 was prepared as follows: to the newly formed 2.77 mmole 8,8-diacid chloride
was added 45 mL dry carbon tetrachloride giving a 0.062 M solution which was transferred to a
high speed blender. The aqueous solution was made to 0.13 M diamine with (.35 g (3.24 mmole)
1,4-phenylenediamine and 0.16 g (4 mmole) sodium hydroxide in 25 mL of water. To the rapidly
stirring diacid chloride solution the aqueous solution was poured over a period of about 15
seconds. After an additional 5 minutes of stirring, the polymer was collected, washed with water,

acetone, and then chloroform before finally vacuum drying.

Besides interfacial polycondensation, attempts were made to synthesize these polymers in a

14 a2 method which precludes the

homogeneous medium from diisocyanates and diacids,
intermediate synthesis and purification of the diacid chlorides. The reaction involves the initial
formation of a N-carboxy-anhydride, which decomposes to species such as ureas and carbamic
acids, all of which decompose at elevated temperatures to give the amide. Because of the high
temperature required, initial trials have produced only the insoluble cross-polymerized polymer, but
in quite high yields. Use of lower temperatures prevents cross-polymerization but results only in

low molecular weight polymers. It is interesting to note that these low molecular weight polymers

are highly reactive to UV radiation turning deep blue with only limited exposure to this radiation.




The materials discussed in this paper will be only thc,c made via the traditional interfacial route.
B. Characterization of the Polyamide-Diacetylenes.

Inherent viscosities of 1.05 dL/g for PADA 6,22 and 0.55 dL/g for PADA PPD,22 were measured

with a Ubbelohde viscometer on 0.5 g/dL m-cresol solutions at 30 °C. These results indicate that
the aliphatic-based polymer is of higher molecular weight than the aromatic-based polymer. The
value obtained for the aliphatic-based polyamide is consistent with what has been reported in the
literature for traditional aliphatic polyamides made via interfacial techniques.13 It should be noted
that the polymers synthesized were insoluble in most solvents commonly used for polyamides with

the exception of m-cresol.

Infrared spectra were recorded on a Nicolet 20 DX Fourier transform infrared spectrophotometer
(FTIR) using thin films cast from solution onto a nonabsorbing substrate. Figure 1 shows the
spectra of the aromatic-based and aliphatic-based polyamide-diacetylene polymers. These spectra
clearly demonstrate that we have synthesized the desired products as peaks attributed to the aride
bands!? in the region between 1800 and 1400 cm! are clearly discernible. Also note that these
polymers are fully hydrogen bonded as indicated by the position and imcnsity15 of the N-H
stretching band found around 3300 cml. The major differences in the spectra of these two new
polymers are due to the different diamine residues (aromatic or aliphatic) that were incorporated in
the polymer during synthesis. Verification of the expected polymer structure was also found by

NMR as will be discussed in detail in the secion on NMR.

Visible absorption spectra were recorded with a Cary 17 spectrophotometer. Temperature studies

were conducted on the cross-polymerized polymer thin films by using a heated precision cell

equipped with a Fenwal Model 550 temperature controller (temperature range, 25-200 °C). Spectra




and peak areas were recorded at each temperature after a 10 minute equilibration period. For the
FTIR and visible absorption temperature studies, the polymer thin films were cross-polymerized by
exposure to UV light of 5 mW/cm? power density for 30 minutes. Thermal analysis of the
polvmers was performed by differential scanning calorimetry (DSC) using a Perkin-Elmer DSC-4
operated at a scan rate of 10 °C/min from 30-400 °C. Solid-state }3C nuclear magnetic resonance
spectra were recorded on an IBM NR/200 AF (4.7 Tesla) spectrometer operating at 50.3 MHz
using a cross-polarization (CP) pulse sequence and dipolar decoupling (DD) in conjunction with
magic angle spinning (MAS). The polyamide-diacetylenes in powder form were packed into an

aluminum oxide rotor with Kel-F [poly(chlorotrifluoroethylene)] caps and spun at ca. 3.8 kHz with

a Doty Scientific probe. A cross-polarization contact time of 2 ms was employed with a 5.0 ps 90°
proton pulse and a 3.0 s recycle ume. All spectra were referenced tc the methyl resonance of
p-di-r-butylbenzene (31.0 ppm from TMS). For the DSC and NMR studies, the powdered

polymers were cross-polymerized by exposure to varying dosages (15, 30, 45, and 60 MRads) of

high energy electrons (B-radiation) generated with a Van de Graff accelerator operated at 2.6 MeV.

III. RESULTS AND DIJSCUSSION

A. Cross-polymerization

The reactive diacetylene groups contained along the backbone of the polyamides may be activated
by UV radiation or by ionizing radiation to give a network structure in which the newly formed
crosslinks are actually conjugated polydiacetylene chains. Clearly, a knowledge of the extent of
diacetylene conversion to polydiacetylene chains is of critical importance to gaining an

understanding of how this chemistry influences the final properties of these materials. In order to




estimate what percentage of the diacetylene groups were actually involved in the solid statc
polvmerization, we explored two separate analysis techniques; thermal analysis (DSC) and NMR

SPECITOSCOpY.

1. Thermal analysis

The DSC scans for as-prepared PADA 6,22 after exposure levels of 0, 15, 30, 45, and 60 Mrads

of high energy elecirons (-r.diation) are shown in Figure 2. Before cross-polymerization, the
aliphatic polyamide-diacetylene displays an endothermic transition at about 160 °C and a broad

exothermic peak beginniiig around 275 °C. The endotherm is a melting transition resulting from
the thermal disruption of localized crystalline segments of the polymer. As the extent of
cross-polymerizanon is increased, the melting endotherm flattens and disappears, indicatve of the
formation of a network-like structure that renders the crystalline regions infusible. The broad
exotherm, which also decreases with increasing radiation dosage, has been attributed to a
combination of diacetylene polymerization and degradation“j’16 and is therefore related to the
number of diacetylene groups in the polymer. Thus, integration of this peak could, in principle,
provide a means to determine how many diacetylene groups have reacted on cross-polymerization.
The limitations of this approach will be discussed shortly. The origin of the small endotherm at

about 230°C,which is not significantly influenced by cross-polymerization is yet to be determine

The DSC scans of PADA PPD,22 are shown in Figure 3 for varying dosages of beta radiation.
These curves reveal the same essential features as the aliphatic-based polyamide except that the
endothermic transition appears at higher temperatures. This is to be expected as the phenyl ring

renders the polymer more rigid thereby decreasing its enopy content and hence increasing its




melt’ .g point. The onsets of the exothermic peaks are the same for both polymers reflecting the
fact thot the sequence of atoms nearest to the diacetylene units are identical.4 To determine the
origin of this exothermic activity in the polyamide-diacetylene polymers, 13C NMR spectra of
PADA PPD 22 were measured before and after a thermal treatment involving ramping the sample at
10 °C/min to 200 °C followed by quenching. The 13C solid-state NMR data (not shown) reveal
complete disuppearance of the acetylenic carbons ( see NMR section for information about the
location of these pecks) arter this treatment while additional peaks do not appear in the spectrum. It
was also found that vignificant broadening of the methylene and aromatic carbon resonances
resulted from the thermal reatment. Thus, although we have yet to establish the exact fate of the
diacetvlene groups. it is clear that this exotherm is related to a reaction of the diacetylene groups at
elevated temperatures. Thermal gravimetric analysis (TGA), however, revealed a weight loss at
about 380°C for both nolymers before and after cross-polymerization indicating that degradation,
which is cienrly dominated by the amide portion of the chain, is also taking place at the higher
temperature range of the exotherm. Previou. workers have also found that the primary thermal
a=composition process in polvamides involves cleavage of the amide bond.17 Thus, although
integration of the exotherm should provide quantitative information on the degree of
cross-polymerizanon at various radiation dosages, it is not feasible in practice due to the overlap of
degradation onto the tail of the exothermic peak as can be seen most clearly in the DSC scans of
PADA 6,22 in Figure 2. Because of this overlap, the exothermic feature cannot be unambiguously
integrated to yield quantitative data, especially as the radiation dosage is increased. As indicated in
Figure 3. a deconvolution of the diacetylene exotherm from the high temperature degradation
processes seems more plausible for the aromatic-based polyamide, however, a quantitative

estimation of diacetvlene conversion is still highly questionable.

With the above limitations in mind. it can be seen by comparing DSC results for the two polymers.

that he aliphatic polvamide-diacetvlene provides a more favorable environment for diacetylene

10




polvmerization as indicated by a more significant reduction in the intensity of its exotherm with
increasing radiation dosage. Integration of the exothermic peak reveals about a 90% conversion
after a 60 Mrad dosage. The partly aromatic polyamide-diacetylene, on the other hand, contains a
fairly large amount (50% by DSC exotherm integration) of unreacted diacetylene groups even after
a radiation dose of 60 Mrad. Again it is to be recognized that the actual numbers obtained with this

technique are most useful for comparison purposes only.

2. NMR analysis

An alternative method for studying the cross-polymerization of these materials is solid-state 13C
NMR. The 1C NMR spectra of solid PADA 6,22 shown in Figure 4 were obtained with a
cross-polarization pulse sequence using a 2 ms contact time and a 3 s recycle time. Two thousand
scans were iime-averaged and collected under identical conditions for the polymer at varying
radiation dosages. Signal-to-noise differences between spectra arise from different sample weights

. . . . e le)
used for data accumulation. Peak assignments were made based on reports in the literature.18-22

The highest field resonance at 19.6 ppm is attributed to the a-methylene carbons bonded to the
acetylenic carbons while the lowest field methylene resonance at 41.5 ppm is due to the methylene

carbons next to the nitrogen which are broadened by quadrupolar coupling. The next resolvable

methvlene resonances are the a-methylenes to the carbonyl at 35.7 ppm and the remaining
methylenes appear as shoulders on the broad peak that encompasses all of the interior methylene
carbons. The acetylenic carbons appear at 64.9 and 76.7 ppm with the interior carbons resonating
at higher field due to additional shielding provided by the sp-bonds. The spinning sidebands shown
around 140 and 152 ppm originate from these acetylenic carbons due to inefficient averaging of the

chemical shift anisotropy which is typically greater for multiply bonded carbons.23
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As shown in Figurs 4, the re<onances due to the acetylenic carbons gradually decrease with
increasing radiation dosage. During this process, all other peaks remain constant except for the
peak at 19.6 ppm which is due to the methylene groups next to the diacetylene functionality which
also decreases as it shifts and becomes lost in the broad absorption due to the interior methylenes.

Since this is presumably due to diacetylene polymerization with formation of the polydiacetylene

backbone, new resonances should appear for the sp- and sp?- hybridized carbons of the conjugated
chain. The fact that they are not easily resolved may just be an artefact of the experimental

conditions. For example, since cross-polymerization presumably yields more rigid network-like

domains. protons in the local environment may have longer T,'s and do not efficiently relax in the

time allowed by the recvcle delay thereby impeding cross-polarization. Also, since the
polvdiacetvlene chain is nonprotonated, the experimental spin-lock contact ime may have been too
short to allow sufficient cross-polarization.19 Another explanation, and probably the most
reasonable, is simply the large dispersion of chemical shifts observed for conjugated carbon chains
of varving length. It has been reported that the chemical shift of sp-hybridized carbon atoms is
dependent on the number of conjugated carbon bonds and may vary from 80-110 ppm. Wegneret.
al.20 have studied the solution and solid-state NMR of polydiacetylenes obtained from crystalline
disubstituted diacetylene monomers and suggest that the 13C-NMR signal shift with varying
conjugation length may arise from a resonance admixture of the butatrienic and acetylenic structures
of the conjugated backbone. Koenig and coworkers!? have reported the CP MAS/ DD spectrum of
the macromonomer poly (1,11- dodecadiyne) before and after cross-polymerization in which they
also observed chemical shift fluctuations that they attributed to differing extents of conjugation. In
all cases, however, signals due to the sp-carbons resonate around 100 ppm and the sp*-carbons
appear around 130 ppm. Careful examination of the spectrum of nylon 6,22 exposed to 60 Mrads

does reveal the appearance of broad absorptions in these two general areas.

12




Since the peaks due to the diacetylene group decrease relative to the other peaks in the spectrum, it
should be possible to at least estimate the degree of cross-polymerization as a function of radiation
dosage. In an attempt to circumvent most problems associated with quantitative analysis of 13C
spectra such as nuclear Overhauser effects, the average of the two acetylenic peak areas was taken
as a ratio of the carbonyl peak area. Being an isolated resonance, the carbonyl served as an internal
reference against which the diacetylene peak intensity/area could be followed. The ratio for the
as-prepared material was assumed to be 0% diacetylenes reacted and the subsequent values

calculated for the irradiated samples were scaled appropriately.

It should be noted that nuclear magnetic resonance data obtained with polarization transfer
techniques is usually not amenable to quantitative analysis due to nuclei possessing different rates
of cross-polarization. Through static dipolar interactions between the carbons and protons, carbon
magnetizaticn is built-up at a rate depending on the number of attached or nearby protons as well as
molecular motion. This process may be observed experimentally as the increase in intensity of the
carbon peaks as a function of contact time between the carbon and proton spin reservoirs. At
longer contact times, the intensity may be observed to slowly decrease due to relaxation effects.
Thus, in order to obtain quantitative data, all carbon nuclei should ideally reach maximum intensity
at the same experimental contact time. In practice, this is difficult to achieve. However, because
relaxation is usually much slower than the cross-polarization buildup, a sufficiently long contact
time may be employed such that all carbons in a sample reach full or near-full intensity. This only
holds for rigid polymers in which contact times of 1-3 ms have been reported for quantitative

.
studles.-4

To assess the validity of our technique for estimating the extent of diacetylene conversion, the le

NMR spectra of the polyamide-diacetylenes were determined as a function of spin-lock/contact

time. For our method to yield reasonable data, we must assume that the rates of cross-polarization

13




of the carbonyl and both diacetylene nuclei remain essentially unchanged after
cross-polymerization. By plotting integrated peak intensities versus contact time for the unreacted
and cross-polymerized materials, changes in cross-polarization rates caused by possible local
molecular environmental changes may be detected. PADA PPD,22 was subjected to this treatment
at contact imes of 62.5 to 2000 s for both the as-prepared polymer and after exposure to 60

Mrad of radiation. As expected, the carbonyl carbon and outer acetylenic carbons cross-polarized
at essentially identical rates in the unexposed polymer while the inner acetylenic carbons
cross-polarized at a much slower rate due to the lack of adjacent protons. By comparison with the
polymer exposed to 60 Mrad of radiation, the three nuclei examined displayed no significant
changes in cross-polarization rates upon the formation of the polydiacetylene network structure.
More specifically, the carbonyl carbon showed no variation in CP rate while the diacetylenic
carbons did display subtle differences which proved to be insignificant because of the breadth of
the maximum in the intensity vs. contact time curves. Due to the breadth of these curves, and the
sufficiently long contact time (2 ms) employed, all three signals had reached near-full intensity and
error associated with this type of analysis, although present, was minimized. Thus, this data
further supports the use of the carbonyl resonance as an internal reference unperturbed by the
solid-state chemistry and its utilization to monitor the reaction of the diacetylene carbons by the

relative ratio method outlined in this paper.

Figure S displays the same !3C NMR data for the partly aromatic polyamide-diacetylene in which
the peak assignments are essentially the same with the exception of the protonated aromatic
resonances at 123.0 ppm and the quaternary aromatic resonance at 132.5 ppm. Following the same
procedure of comparing the acetylenic peak areas with their respective carbonyl peak areas, the
degree of cross-polymerization was plotted as a function of radiation dosage for both polymers and
is presented in Figure 6. The results obtained by DSC analysis are also plotted on this curve for

comparison.
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As indicated in Figure 6, the diacetylene groups present in the aliphatic-based polyamide are
significantly more reactive than those present in the aromatic system. It can be seen that after a 60
Mrad dosage, about 60 % of the diacetylenes have reacted compared with about 35 % in the
aromatic-based system. The trend of these results is consistent with what was observed by DSC.
In fact, for the case of PADA PPD,22, in which the DSC exotherms are more easily resolved in the
high temperature region, the degree of cross-polymerization obtained by solid-state NMR is in
closer agreement with the DSC results than for the aliphatic-based polyamide. It is clear, however,
that for both polymers, the DSC technique grossly overestimates the number of diacetylene groups
that have reacted. It is interesting to note that our findings on the relative reactivity of the two
macromonomers thus far synthesized agree with the results reported by Patil et. al.” on polyester

macromonomers. For their polyesters of the general formula

-[OCH,C=CC=CCH,0(C=0)R(C=0)]_-, those in which R = '(CH'Z)n=2-8 were consistently more

photoreactive than the polymers that contained R = p- and m-phenylene.

In short, both the DSC technique and the NMR technique reveal that the aliphatic-based system is
more reactive than its aromatic analog. A more realistic estimate of the actual degree of conversion
is clearly better provided by the NMR technique. However, the obtainment of quantitative numbers
by the poiarization transfer method used here is complicated by the fact that polymers contain a
wide distribution of molecular motions some of which may be too rapid to experience any static
dipolar interaction and therefore not contribute to the total intensity of observed peaks. If this were
the case in the polyamide-diacetylenes, and if cross-polymerization yielded more rigid structures in
which these highly mobile carbons could subsequently cross-polarize, then our analysis technique
would underestimate the extent of diacetylene conversion. It seems reasonable to assume in this

case, where extensive chain mobility is limited by the molecular environment provided by the
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hyvdrogen bonded network and the rigid diacetylene groups, that such effects would be minimal.

They cannot, however, be completely ruled out.

To gain an understanding of how local molecular mobility may be influencing the reactivity of these

polymers, preliminary !3C spin-lattice relaxation measurements were accumulated with a modified

Torchia's pulse sequence25 in which cross-polarization is utilized for signal/noise enhancement.

For the PADA PPD,22, it was found that the T, measured for the carbonyl signal remains

essentially constant from the uncrosslinked samples to the cross-polymerized samples thereby

supporting the use of the carbonyl signal as an internal reference not affected by the radiation.
Comparisons of the Ty relaxation times for the aromatic and aliphatic polyamides revealed that there

were no significant differences between the relaxation times of the acetylenic carbons found in
either of these two polymers. This would imply that the origin of the different reactivities of these
two polymers is to be found in variations in the level of crystallinity or the type of molecular
packing existing in each sample and not in differences associated with chain segment mobility in the
vicinity of the diacetylene groups. Further information on the relaxation times of thes¢ and other
carbons obtained through additional experiments of this nature will allow a better understanding of
the influence of polymer structure and amorphous versus crystalline organization on diacetylene
reactivity in the polyamides. These experiments coupled with measurements of the percent

crystallinity of the these polymers are currently underway.
IV. Optical Properties - Thermochromism
Cross-polymerization and the formation of conjugated polydiacetylene chains transverse to the host

polyamide chain direction produces highly colored materials with electronic transitions occurring in

the visible portion of the spectrum. The exact excitation energies of these newly formed absorption
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bands are highly dependent upon the molecular environment and torsional mobility of the
polvdiacetylene chains which, in tumn, are determined by the chemical structure and organization of
the host nolymer chain atoms (which now can be thought of as sidegroups pendent to the
polvdiac:tyvlene backbone). The different constraints placed on the torsional mobility of the
backboue through varnations in the local molecular organization of the sidechain atoms, such as
would occur by variations in their conformational states and intra- or interchain packing, can result
in a wide variety of excitation energies as is well documented in the literature.5+20 The ability to
vary the sidegroup organizaton (via temperature, stress, or solvent quality changes), and hence, its
influence on the torsional freedom of the polydiacetylene backbone, gives rise to the many different
tyvpes of chromism observed in these materials. The dramatic color changes associated with these
organizational changes directly reflect the unusually strong coupling that exists between the
electronic states of the polydiacetylene backbone and its conformational state. Although the kinds
of backbone conformations or distortions responsible for the different electronic states have not
been unambiguously determined, it is clear that any disruption in the effective overlap of the
pi-orbitals of the conjugated backbone will shift the absorption band to higher energies as the

electronic states become more localized.

Figure 7 shows the visible absorption spectra of thin films of PADA 6,22 that were cast from
m-cresol solutions onto different surfaces and then cross-polymerized by exposure to UV radiation.
Sample B was cast onto a glass substrate at a sufficiently high temperature that the m-cresol
evaporated in about 15 minutes, while sample A was cast under milder conditions onto the surface
of a water bath which allowed the m-cresol to quickly disperse thereby leaving a thin polymer film
at the air-water interface which could be readily transferred onto a glass slide. The sample prepared
directly on the glass slide is purple whereas the sample cast onto the water surface is blue. The
difference in excitation energies between these two samples clearly illustrates how molecular

organization can influence their optical properties. Both samples display broad absorption bands
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with significantly developed high energy shoulders characteristic of a collection of polydiacetylene
chains with a wide range of effective conjugation lengths. The blue sample, however, has its
lowest energy optical transition at about 620 nm whereas for the purple sample it occurs at about
570 nm. Clearly, the different casting environments have produced polymers with quite different
sidegroup molecular organizations which, although we can only speculate at this point, most likely
reflect differences in the conformations and packing of the sidechain methylene groups adjacent to
the conjugated backbone. The high energy tail (<450 nm) displayed by both of these films is due
to a large amount of scattering present in the polymer due to its semicrystalline nature. By
controlling the processing conditions in a manner that creates much smaller crystallites, however, it

is possible to largely eliminate the scattering observed in these thin films.

It is worth noting that the breadth of the above absorption bands indicate that for solution cast
films. the newly formed polvdiacetylene chains are contained within a fairly disordered matrix. It
1s to be expected that the diacetylene groups of the host polyamide chain will be located in both the
crystalline and amorphous regions of the polymer. Clearly, the diacetylenes residing in the most
ordered regions of the host polymer are best arranged for topochemical polymerization and will
quickly react to form polydiacetylene chains within their ordered environment. It has been
previously found,4’8 however, that cross-polymerization can also occur in much less ordered
domains as evidenced by a substantial conversion of diacetylene groups to polydiacetylene chains
in host polymers that show no indication of crystallinity by diffraction or thermal techniques.
Thus, cross-polymerization takes place in both the crystalline regions and, to a lesser extent, in
more disordered paracrystalline regions.8 The chains formed in these paracrystalline regions will
be shorter and more disordered (nonplanar) whereas the chains formed within well defined
crystallites will have a higher degree of polymerization and remain more ordered (planar). The
presence of a wide range of polydiacetylene chains with different effective conjugation lengths and

levels of order is therefore responsible for the broad absorption bands exhibited by this matenal.
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Although this seems like a rather undesirable state, it should be pointed out that the development of
relatively short polydiacetylene crosslinks within a fiber forming host polymer may in fact produce

materials with better overall mechanical properties.

Figure 8 shows the visible absorption spectra of a cross-polymerized thin film of PADA 6,22 as a
function of temperature. Similar curves are shown in Figure 9 for a sample of PADA PPD,22.
Both films were cast from m-cresol solutions of the appropriate host polymer and
cross-polymerized with UV radiation at 254 nm with an intensity of 5 mW/cm?2. As can be seen in
the figures, both materials exhibit thermochromic behavior. The PADA 6,22 polymer changes
from purple to red with increasing temperature whereas the PADA PPD,22 polymer changes from
blue to red. Both of these dramatic color changes reflect significant shifts in the absorption bands
to higher energies. Perhaps the most striking observation about the thermochromic transitions of
these polymers is the fact that they are completely reversible as long as an upper temperature
characteristic of the particular polymer is not exceeded. In the case of the aliphatic-based
polyamide, that temperature is about 130°C and for the aromatic-based polyamide it is about 160°
In addition, no hysteresis was observed during temperature cycling and no changes in the
absorption curves recorded at any temperature between the two temperature extremes were
observed either in the heating or cooling cycles. This is in sharp contrast to many of the
thermochromic polydiacetylenes which typically exhibit poor reversibility after cycling to high
temperatures and extensive hysteresis effects.22:27 It was also found that these materials could be
cycled to much higher temperatures with only minor changes in their room temperature curves. For
example, the aromatic-based polyamide could be cycled to temperatures as high as 220°C without
drastically altering its original absorption spectrum. Thus, the thermochromic transitions of the
cross-polymerized polyamide-diacetylene polymers are remarkably reversible and exhibit

essentially no hysteresis effects.
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[t was orginally believed that the thermochromic transitions exhibited by urethane substituted
polvdiacetyvlenes vere driven by a thermal disruption of the hydrogen bonded sidegroups.28 It has
recently been shown, however, that many of the urethane substituted polydiacetylenes display
thermochromic transitions that occur with complete retention of these highly directional secondary
bonds.#22:27 1In this case, it has been proposed27 that changes in the torsional mobility and
hence planarity of the polymer backbone are brought about by changes in the conformations of the
sidegroup methylene groups connecting the backbone to the urethane linkage. In polydiacetylenes
fitted with fairly rigid sidegroups these changes occur without significant disruption of hydrogen
bonds. Evidence for conformational changes in the methylene groups has been provided by

FTIR-7 and 13C NMR22 spectroscopy.

For the polyamide-diacetylene polymers, the sidegroups are actually segments of a polymer chain
containing two strong amide hydrogen bonds per segment. This results in a sidegroup organization
that is much less flexible or "entropically active” than the urethane substituted polydiacetylenes
svnthesized from diacetylene monomers. The amide hydrogen bonds serve as anchors that hold the
sidegroups in place thereby preventing complete disordering at elevated temperatures and insuring
reversible behavior. Once a significant portion of the hydrogen bonds have been broken as would
occur with extensive disordering, the reversibility of the thermochromic transition becomes highly
compromised. In this light, the higher temperature capabilities of the aromatic-based polyamide can
be seen as a direct consequence of the decreased sidegroup mobility brought about by the
incorporation of a rigid phenyl ring in the sidegroup. We have verified that the hydrogen bonds of
the polvamide-diacetylene polymers are not disrupted at elevated temperatures using the FTIR
techniques described in our previous publications.“*27 We find only the expected changes in

15 and no indication of

hydrogen bond strength that occur due to thermal expansion of the polymer
the presence of nonbonded free N-H groups throughout the entire thermochromic temperature

range.
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In summary, the thermochromic behavior exhibited by the polyamide-diacetylene polymers reflects
the development of increasing torsional mobility of the conjugated backbone which occurs as the
sidegroup methylene segments adjacent to the backbone become thermally activated at elevated
temperatures and release their mobility restricting hold on the backbone. Once freed from its rigid
environment, the conjugated backbone can readily obtain a less planar conformation with more
localized electronic states. Reversible thermochromic behavior is insured by retention of hydrogen
bonds which serve to partially restrict the mobility of the sidegroups and prevent complete
disordering from taking place. In this case, the thermochromic behavior is manifested as a
continuous shifting of the absorption band to higher energies with no indication of an abrupt first
order phase transition as has been found in the more highly crystalline thermochromic
pol_\'diacetylenes.27 It is this lack of the coexistence of two well defined separate phases during the

transition that is most likely responsible for the absence of hysteresis in these materials.

V. Conclusions and Summary

The development of fiber forming polymers containing reactive groups either along the polymer
backbone or pendent to the polymer backbone that can be activated in the solid state after
processing requires the utilization of solid state reactions that must satisfy a number of different
requirements. Most importantly, the reactive groups must remain dormant during processing and,
at the appropriate time, be highly reactive in the condensed state. Additionally, it is highly desirable
to have complete control over the extent of the solid state reaction and the form and type of

structural modifications that are introduced.

In this paper, we have explored the use of diacetylene chemistry as a means to create polvamide

polymers with post processing capabilities. Key to an understanding of the influence of this
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chemisy on the relevant properties of the polymer is the development cf techniques that provide
reliable information on the number of diacetylene groups converted to polydiacetyvlene network
chains upon cross-polymerization. We have found that 3¢ NMR techniques and to a lesser extent
DSC techniques can be utilized to ascertain relative trends in reactivities. Using these techniques
we have found that the diacetyvlene groups contained in polyamides based on the 8,8 diacetylene
diacid can be more readily cross-polymenized when these materials are synthesized with an aliphatic
diamine as opposed to an aromatic diamine. Preliminary relaxation studies indicate that the
differences in reactivity are not related to differences in chain segment mobility in the region of the
diacetvlene groups. We are currently evaluating how this chemistry influences the mechanical
properties of these new polymers and the results of this investigation will be presented in a future

publicaton.

In addition to an ability to systematically modify the mechanical behavior of the polvamides, the
creation of a crosslinked network comprised of conjugated polydiacetylene chains introduces
optical properties typically not found in nylon type polymers. For example, as pointed out in this
paper, the cross-polymerized polyamide-diacetylene polymers exhibit reversible thermochromic
behavior , in some cases, to temperatures as high as 220°C. These dramatic color changes reflect
the sensitivity of the polydiacetylene conjugated backbone to its molecular environment and provide
useful information on the kinds or organizational changes that take place at elevated temperatures.
For the polyvamide-diacetylene polymers, as has been found for certain urethane-based
polydiacetylenes, thermochromism occurs without disruption of the hydrogen bonded structure of

the polvmer.
In short, the investigation of polvamides containing reactive diacetylene groups could result in a

new class of polymers with novel post processing capabilities and technologically useful optical

properties. This paper describes the first steps towards the obtainment of such matenals.

22




Acknowledgments

This work was supported in part by the Office of Naval Research and the Naval Air Development

Center. A portion of this work was carried out by M.F.R. at GTE Labs Inc., Waltham, MA.

23




References and Notes

tJ

Y]

For reviews see, e.g.: Adv, Polym, Sci, 1984, 63.

(«) Chance, R.R.; Baughman, R.H.; Muller, H.; Eckhardt, C.J. J. Chem. Phvs. 1977, 67,
(8), 3616. (b) Eckhardt, H.; Ecklardt, C.J.; Yee, K.C. J. Chem, Phys. 15,9, 70,
(12), 5498. (c) Chance, R. R. Macromolecules 1980, 13, 396.

als" Chemla, D. and Zyss, J.
Eds., 1987, Vol 1 and 2, Academic Press.

Rubner, M. F. Macromolecules 1986 19, 2114,

Rubner, M. F. Macromolecules 1986 19, 2129.

(2) Day, D.; Lando,J.B. L. Polvm, Sci, Polvm Lett Ed, 1981, 19,227. (b) Thakur, M.K.;
Lando, J.B. Macromolecules 1983, 16, 143.

Patil, A.O.; Deshpande, D.D.; Talwar, §.S.; Biswas, A.B. J, Polym,Sci. Polvm Chem Ed.
1981, 19, 1155.

(a) Liang, R-C,; Reiser, A. ], Polvm, Sci,, Polvm, Chem, Ed. 1987, 25, 451.

(b) Liang, R-C.; Lai, W-Y. F,; Reiser, A. Macromolecules 1986, 19, 1685.

Wegner, u. Die Makromolekulare Chemie 1970, 134, 219.

Ozcayir, Y.; Asrar, J.; Clough, S.B.; Blumstzin, A._Mol. Cryst. Lig. Cryst, 1986, 138,
167.

(a) Agrawal. R.; Rubner, M. F. Polym. Prepr. (Am. Chem. Soc., Div. Polym. Chem.)

1988, 29 (1) 577. (b) Agrawal, R.; Rubner, M. F. Polym, Matls, Sci, and Eng. (Am.
Chem. Soc., Polym. Matls. Sci. and Eng. Div.) 1987, 56, 822.

Hay, A.S. ], Org Chem, 1952, 27, 3320.
Morgan, P.W. Condensation Polvr.ers: By Interfacial and Solution Methods, New York:

Interscience, 19685.

24




i

N

-

(20 Chapin, J.T.; Onder, B.K.; Farrissey, W.J. Polvm, Prepr. (Am. Chem. Soc., Div.
Pot-m. Ch n.) 1980, 21, 130 (b) Onder, B.K.; Andrews, P.S.; Farrissey, W.J.: Tillev.
JNC Polvm, Prepr. (Am. Chem. Soc., Div. Polym. Chem.) 1980, 21, 132. (c¢) Onder,
B.K. U.S. Patent 4,072, 665, 1978.

tar Skrovanek, D. J.. Howe, S. E., Painter, P.C.; Coleman, M. M.

Macromeolecules, 1985, 18, 1676.; (b) Skrovanek, D. J.; Painter, P.C.:

Coleman, M. M. Macromolecules, 1986, 19, 699.
MceGhie, A.R.; Kalvanaraman, P.S.; Garito, A.F. Mol, Crvst.Lig Cryst, 1979, 50, 287.
Ballistreri, A.; Garozzo. D.; Giuffrida, M.; Montaudo, G. Macromolecules 1987, 20,

24991,

RBabhit. G.E.: Patel, G.N. Macromolecules 1981, 14, 554.

Havens. J.R.: Thakur, M.; Lando, J.B.; Koenig, J.L._ Macromolecules 1984, 17, 1071.
Wenz, G.: Muller, MLA; Schmidt, M.; Wegner, G. Macromolecules 1984, 17, 837.

Weeding, T. L.: Veeman., W. S.; Gaur, H. A.; Huysmans, W. G. B. Macromolecules

1688, 21, 2028.

Tanaka. H.: Thakur, M.; Gomez, M.A; Tonelli, A.E. Macromolecules 1987, 20, 3094.
Lverla, J.R. In Polvmers, Part A: Molecular Structure and Dynamics;, Fava, R.A., Ed.;
Methods of Experimental Physics, Vol. 16; Academic: New York, 1980; Chapter 4.
Komoroski, R.A. In High Resolution NMR Spectroscopy of Synthetic Polymers in Bulk.
Komoroski, R.A., Ed., VCH Publishers, Inc.: Florida, 1986; Chapter 2.

Torchia, D.A. J. Magn. Reson. 1978, 30, 613.

See for example: (a) Bloor, D.; Hubble, C. L. Chem, Phys, Lett. 1978, 56, 89.

(by "Photon. Electron, and Ion Probes of Polymer Structure and Properties™
Dwight, D. W_; Fabish, T. J. ; Thomas , H. R., Eds.; American Chemical Society:

Washington, D. C. 1981;_ACS Symp, Ser, 162, pp 81-104.
Rubner, M. F.; Sandman, D. J.; Velazquez, C. Macromolecules 1987, 20, 1296.

25




(ar Patel. G. N.; Chance, R. R Witt, 1. D. J._Chem, Phys., 1979, 70, 4387.
J. Polym. Sci,. Polym, Lett, Ed..

(by Patel, G. N.; Chance, R. R; Wit, J. D.
1978, 16, 607. (c) Walters, G.; Painter, P.; Ika, P; Frisch, H. Macromolecules, 1986, 19,

883, : (d) Chance, R.R.; Patel, G.N.; Witt, J.D. L. Chem, Phys, 1979, 71, 206.

26




Figure Captions

Figure 1

2

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

FTIR spectra of PADA 6,22 (curve A) and PADA PPD,22 (curve B).

DSC scans of PADA 6,22 with increasing radiation dosage.

DSC scans of PADA PPD,22 with increasing radiation dosage.

CP MAS/DD 13C NMR spectra of PADA 6,22 with increasing radiation dosage.

CP MAS/DD 3C NMR spectra of PADA PPD,22 with increasing radiation dosage.

Percentage of diacetylenes reacted as a function of radiation dosage as determined by
NMR and DSC. Open circles represent NMR data, closed circles represent DSC
data. Curves C and D (dashed lines) are for PADA PPD,22; curves A and B (solid
lines) are for PADA 6,22).

Visible absorption spectra of cross-polymerized PADA 6,22 recorded; (A) from a
sample cast onto a water surface and (B) from a sample cast onto a glass slide.

(spectra have been abitrarily offset along the absorbance axis for clarity).

Visible absorption spectra of cross-polymerized PADA 6,22 recorded as a function

of temperature.
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Figure 9 Visible absorption spectra of cross-polymerized PADA PPD,22 recorded as a

funcdon of temperature.

28




TRANSMITTANCE

/ A
I
|
ﬂ B
| 1 1 1 1 1 |
3800 3000 2200 1800 1400 1000

WAVENUMBERS {cM™h -

800

600




(Do) JHUNLVYH WAL
09¢ 0¢e 00¢ 0.2 Obe Ole 081 04l ocl

06 09

I _

_

_

] _ _ | _

_ _

PDIN O

POIN G

~—

A’\I’/l\l\||

POIAN OF

4\|/\\.|||/|\\

e ——

PDIN G b

— S— ]
PDIN 09

OX3 —

oV

<-— OOdN3




(Do) IHUNLIVYIANIT L
09¢ 0¢g 00¢ 0LZ2 0OvZ Oic 08l

oGl 021 06 09

I I | I I _ !

I | I |

\

POIN O
II\\/I.I.\

PDJN G
\/I‘J

POJIN O
i>l|||.

PDJIN Gt

T T~

POIN O9

oV OX3 —=

-— OdN4




Wdd
09 o8 00l 0cli 034 09l 08!

| I ! l | ! I ]

POIN OO
POIN G b
POIN OF

POIN G|

gss @SS POIN O

-0=0-0=0- -)-

u

B 2 B2z 92
{,u_; HD)-D=2-2=D~ :uTw-qL :qu_-
0 0O H H




Wdd

0¢ ob 09 08 00l Oci ovl 09l 08l
_ _ I i | 1

—
—
—
—
o

PDIN O 9
{»ﬂ/\ }ir ot
}«\Q/\ | POIW O
POING |
POIW O
4SS
~9=2-2=0- ~S- -2
0
u
(SHD) 8 8
1-9-1%12)-2=0-0=0- Am__uTw-z@ N-t
_

Il |
O O: I




|

T B RIS U

00—

|
O e @) O
(10] w < (QV

Q310v3aY SANITALIDVIA %

80

40 60
DOSAGE (Mrad)

20




(Wu) HI9NT TIAVM
002 0G9 009 0SS 0065 OGY 00b

_ _ I I I

JONVEH0SEY




ABSORBANCE

| 1 l

550 600 650
WAVELENGTH (nm)




ABSORBANCE

l l l l

25°C

100°C

170°C

250°C

450 500 550 600

WAVELENGTH (nm)




